to be in part due to the unavailability of appropriate soil models. Many soil constitutive models, 40 which are commonly used for the analysis and design of geotechnical engineering problems, 41 assume that the behavior of soil is simply isotropic. Application of such simplified models in 42 practice often provide solutions that are overly conservative and costly, and in some cases 43 result in uncertainties regarding long-term performances. In reality, the behavior of natural 44 soils is highly anisotropic. Natural clays also have an inherent structural property that gives 45 them an undisturbed shear strength in excess of their remolded strength. Furthermore, clayey 46 soils are known to be the most susceptible to time effects on their strength and deformation 47 5 structure, thus it is known as "smear" effect and the affected zone as "smear zone" (Fig. 1c) . 99
The diameter of smear zone, , depends on many factors including size of the mandrel, 100 installation method, the structure of the soil etc. Several studies have been carried out on the 101 determination of (e.g., Xiao 2001), and its value is often considered to be in the range of 3-102 5 times the diameter of the mandrel, , or 5-8 times the equivalent drain diameter, . 103
Ideally the study of PVD ground improvement is a 3D problem, requiring a 3D FE analysis. 104
However, such a model would be computationally very expensive. Therefore, often a 2D 105 plane-strain FE model is used and a matching technique is employed to convert the general 106 permeability of the medium into an equivalent plane-strain value. In practice, the axisymmetric 107 unit cell representing a drain is simplified into a plane-strain unit cell, assuming an equivalent 108 half width, , for the cell. 109
A number of simplified matching approaches are available in the literature which are based 110 on manipulation of, either the drain spacing or the soil permeability. For the simplicity of 111 relationships each drain is assumed to work independently, a constant soil permeability is 112 adopted and consolidation is considered to take place in a uniform soil column with linear 113 compressibility characteristics (Yildiz et al. 2009 ). Comparing the numerical results in 114 literature, it seems that the 2D plane-strain analyses do not give a satisfactory agreement in 115 estimating the maximum value of excess pore pressure after construction. This may be 116 because the geometry and/or the permeability of the domain are changed but the 117 compressibility of the soil itself remains constant. Nonetheless, regardless of this issue, the 118 matching technique proposed by Hird et al. (1992) appears to be the most convenient one as 119 it allows the mesh size to be controlled. Another advantage of this technique is that no 120 particular smear zone is required to be considered in the modelling. 121
A simple permeability matching technique has also been proposed by Lin et al. (2000) , where 122 matching is done for the horizontal permeability (see Equation (2)) 123
where ℎ is the equivalent horizontal permeability of surrounding soil in plane-strain 124 condition, ℎ is the horizontal permeability of the undisturbed soil, is the horizontal 125 permeability of the smeared zone, = ⁄ and = ⁄ where , and are the radius 126 of the unit cell (equivalent radius), the drain, and the smear zone, respectively. In this paper 127 
Haarajoki embankment

140
Haarajoki embankment has a height of 2.9 m and a length of 100 m. Its crest is 8 m wide and 141 the slopes have a gradient of 1:2. It was founded on a 2 m thick dry crust lying above a 20.2 m 142 thick soft clay deposit. The foundation soil consists of soft soil with a high degree of anisotropy 143 and some inter-particle bonding. Half of the embankment (50-m-long section) was constructed 144 on PVD improved soft soil and the other half was built on the natural soft soil without any 145 ground improvement measure.
7
A finite element mesh with 6-noded triangular elements is used for the FE analyses, with extra 147 degrees of freedom for excess PWP at corner nodes (during consolidation analysis). Mesh 148 sensitivity studies have been done to ensure that the mesh is dense enough to produce 149 accurate results. The geometry of the FE model is shown in Fig. 2 ; for the model, the far right 150 boundary is assumed at 40 m distance from the centerline. The bottom boundary of the clay 151 deposit is assumed to be completely fixed in both horizontal and vertical directions; whereas, 152 the left and right vertical boundaries are only restrained horizontally. Drainage is allowed at 153 the ground level, while due to unknown hydraulic conditions at the bottom boundary, this 154 boundary is considered impermeable. Impermeable drainage boundaries are also assigned to 155 the lateral boundaries. Based on ground data, the water table is assumed to be at the ground 156 surface. For the side of the embankment that was built on improved soil, PVDs are 157 incorporated in the model using the drain element in PLAXIS. Groundwater head is assumed 158 to be at ground level for all drains. 159
The embankment was built in 0.5m thick layers and each layer was placed and compacted 160 within 2 days, except for the foundation layer which was built within 5 days. For the calculation 161 phases, plastic analyses are carried out corresponding to the construction process of the 162 embankment, after which the consolidation analysis is performed. given that the soil at this layer has low sensitivity due to being fairly disturbed. Table 3 . Surface settlement field data is available for the side of the embankment that was built on 222 unimproved soil. The measurements were taken on 10 days, 5 years and 10.7 years after 223 construction. The data has been used to investigate the surface settlement through predictions 224 from different models (see Fig. 4 ). With regards to the embankment side that was built on the 225 unimproved ground (Fig. 4a) , all numerical simulations show limited vertical settlements 226 outside the embankment area; however, Creep-SCLAY1S predicts more surface heaving in 227 this area, particularly in short-term. All three models provide good estimation of the surface 228 settlements shortly after construction (i.e., after 10 days). However, in long-term, MCC model 229 grossly underestimates the surface settlements; while S-CLAY1S provides an improved 230 prediction, although still underestimating the field data. The Creep-SCLAY1S model is able to 231 significantly better capture the field observations, while still underestimating the vertical 232 displacements after 5 and 10 years. MCC and S-CLAY1S evidently underestimate the lateral displacements of the soft soil deposit, 257 particularly at higher ground levels. Creep-SCLAY1S is able to accurately predict the 258 maximum value of lateral displacement under the crest; however, for deeper ground levels it 259 overestimates the deformations. This could be partly due to the approximating approach used 260 for the determination of the creep index. All three models are able to predict the depth at which 261 the maximum horizontal displacement occurs (2.5 m), with Creep-SCLAY1S providing more 262 representative predictions. 263
For the PVD improved side of the embankment, except for the top ground layer, all three 264 models provide reasonably good prediction of the lateral displacements under the 265 embankment crest in short-term (after 15 days consolidation) (Fig. 5b) . The relatively large 266 displacement at the field near the ground surface is believed to be caused by error in the field 267 measurements. According to the field data, by comparing the measurements on both sides of 268 the embankment it appears that the installation of PVDs does not result in significant 269 differences on the amount of lateral displacements in short-term. 270
For the horizontal displacements at the toe of the embankment, generally all three models 271 provide reasonable predictions for the side of the embankment that is built on the unimproved 272 foundation soil (Fig. 6a) . Overall, MCC and S-CLAY1S models underestimate the lateral 273 displacements at shallow depths, while Creep-SCLAY1S overestimates the horizontal 274 displacements a year after construction but provides more accurate predictions of lateral12 displacements 3 years after construction. Better approximations of the lateral deformations at 276 deeper depths are obtained from the MCC and SCLAY1S models, while Creep-SCLAY1S 277 overestimates the lateral deformations at these depths. 278
With regards to the part of the embankment that is built on the PVD improved ground, all three 279 models fairly overestimate the amount of lateral displacements under the embankment toe 280 after 3 years of consolidation (Fig. 6b) . This could be due to the fact that friction effects 281 between the soft soil and the PVDs are neglected in the numerical simulations. The narrowly 282 spaced PVDs are believed to act as some sort of "reinforcements" that can reduce the long-283 term lateral displacements. Considering the plots of PWP dissipation with time in Fig. 7a , it is observed that the dissipation 298 rate is faster when the isotropic MCC and time-independent SCLAY1S models are used, while 299 the application of the Creep-SCLAY1S results in the slowest rate of excess PWP dissipation. 300
This trend is observed at all depths analyzed here. Note that at 10 m and 15 m depths, the13 predictions of Creep-SCLAY1S show an increasing build-up of excess PWP up to day 650 302 (not shown here) from when the dissipation of excess PWP is commenced. 303
For the embankment side that was built on the PVD improved ground, all three models initially 304
show a sharp increase in the amount of excess PWP immediately after construction, followed 305 by a faster dissipation rate which is sensible as additional dissipation paths are provided by 306 the PVDs to discharge excess pore pressures (Fig. 7b) . The results in Fig. 7 are presented for  307 the first 500 days of consolidation; however, the numerical analysis showed that when the 308 MCC model is used the excess PWP fully dissipated after 3500 days of consolidation, this is 309 the time that according to MCC consolidation settlement stops progressing. When S-CLAY1S 310
and Creep-SCLAY1S models are used the PWP dissipation prolongs into the following years 311 which is why with these models the consolidation settlement is continually progressing. 312
Stress field and state parameters
313
The installation of vertical drains also alters the stress field underneath the embankment. The 314 presence of drains leads to an increase in the stress values in the region near the drains, while 315 far from the drains the stress field approximately returns to that of the field underneath the 316 embankment without PVDs. This behavior has been observed for both vertical and horizontal 317 stresses; Fig. 8a shows the stress distribution along the embankment foundation 15 days after 318 construction and at a depth of 2.7 m, using the Creep-SCLAY1S model. The same behavior, 319 but with lower peaks at the drain locations, is observed for when several years of consolidation 320 have passed. Note that, due to the close spacing of PVDs, directly underneath the 321 embankment the effective mean stress values are continually increasing and decreasing. 322
Along with the stress field, column installation also influences the state parameters of the soil 323 such as void ratio. Void ratio decreases near the drains (see Fig. 8b ) indicating a densification 324 of the soil due to fast drainage in this area. In between the drains, the value of the void ratio 325 increases, but it does not reach the values corresponding to when the foundation soft soil is 326 14 In a similar manner, the presence of PVDs influences the structure of the soil. Considering 328 destructuration parameter (Fig. 8c) , the presence of drains causes a decrease of this state 329 parameter at the proximity of the drains, which is likely to be due to the disturbance caused 330 by the presence of the drain. The recovery in between the drains does not reach the values 331 of the simulation without PVDs. 332 Comparing the long-term settlement plots of the two sides of the case study embankment 341 studied in this paper (Fig. 9a ) the numerical results obtained using the two matching 342 techniques are very similar. Also in terms of lateral deformations, the difference between the 343 results corresponding to the application of the two matching techniques is not noticeable (Fig.  344   9b ). It is difficult to point out which is the more appropriate matching technique as the results 345 are almost identical. 346
Matching techniques
When adopting the combined matching technique of Hird et al. (1992) , one has to preselect 347 the value of the width of the equivalent plane-strain unit cell in order to obtain the 348 corresponding permeability, as the model takes into account both geometry and permeability 349 factors. By changing the value of , in this instance for example adopting = 1, the 350 permeability value changes accordingly ( = 0.0504 ℎ ). It is observed that greater spacing 351 between the drains leads to a remarkable increase in settlement predictions (Fig. 10a) . 352
Distribution of the effective stress parameter is slightly influenced by increase in drain spacing, 353 resulting in lower decrease/increase of stresses within the PVD improved soil (Fig. 10b) . 354
Variations of the state parameters and are also decreased with increase in drain spacing 355 (Figs. 10c and d) . In fact, higher values of equivalent plain-strain permeabilities obtained from 356 using higher drain spacing leads to a higher rate of consolidation and consequently higher 357 degradation of the inter-particle bonds (destructuration) within the PVD improved area. From the results presented, it could be observed that embankment loading combined with 388 prefabricated vertical drains is a very effective ground improvement technique for soft soil 389 deposits. In fact, the installation of PVDs significantly accelerates the settlement of soft clays 390 and the process of excess pore pressure dissipation. In this way, the construction project can 391 proceed faster without further damaging settlements in subsequent years. Additionally, the 392 presence of vertical drains alters the stress field and the soil state parameters, leading to a 393 higher stress level in the PVD improved area as well as further densification of the soil. 394
The actual field condition around vertical drains is 3D; therefore, a comprehensive analysis of 395 an embankment built over a soil deposit with a large number of PVDs should be conducted 396 with a fully three dimensional numerical model. However, an appropriate matching technique 397 to convert the vertical drain system into equivalent plane-strain condition allows using a 398 representative 2D plane-strain model, which is computationally less expensive. Two different 399 4.36E-6 1.31E-6 1.09E-6 1.09E-6 1.09E-6 1.09E-6 1.09E-6 4.36E-6 ℎ (Lin et al., 2000) 4.15E-6 1.25E-6 1.04E-6 1.04E-6 1.04E-6 1.04E-6 1.04E- 
